Langmuir monolayer model is applied to study molecular interactions between phospholipids and surface active compounds and to determine the lateral elasticity and compressibility of the surface films at air-liquid interface. The interaction of the synthetic Methionine-enkephalin (Met-enk) and its amidated derivative 
Introduction
It takes many years to discover, develop and introduce any drug into the clinical practice. Therefore, it is of an importance during the preclinical studies the model system and the methods that will be chosen to be simultaneously easy to operate with and very informative. The Langmuir monolayer technique is such method and can be used as first step of preclinical research for drugs that exert their biological activity by interaction with the cell membrane.
In the recent years, since the discovery of the enkephalins in 1975 the endogenous opioid peptides gain much interest because of their proved antinociceptive action (8, 24) . Their mechanism of action is considered, and moreover the opioids are modified with regard to increase their resistance during their pharmacological administration.
There is limited information about the exact molecular mechanisms of the interaction between opioids and biological membranes. It is now known that the opioid peptides exert their biological function by acting as agonists of the opioid receptors which are coupled to G-proteins (16) . However, to achieve their biological function, the opioids must be transported from an aqueous phase to the lipid-rich environment of their membrane bound receptor proteins (15) . It is believed that they interact with the nerve cell membrane in order to adopt a bioactive conformation that will then fit onto the receptors (2) .
On the other hand, it is well known that the structure of tear film (TF) consists in vivo of lipid layer (up to 20 molecules thick) at air-liquid interface, which plays critical role in the functions of the eyelid during blink at the ocular surface. This large area-to-volume ratio determines the importance of the low surface tension at the air/tear interface (22, 25) . Key role for lowering of the surface tension plays the lipid layer that covers the tear surface. However, so far the origin of the phospholipids (PLs) composing the tear film is unclear. Also, they are interesting from pharmaceutical point of view. At present they are used as compounds of artificial tears (Tears Again, Soothe, Refresh Dry Eye Therapy, FreshKote, Refresh Endura) targeted to replenish the TF lipid layer of patients with Dry Eye Syndrome. Although the number of lipid-containing artificial tears on the market still remains relatively limited, in vivo studies demonstrated that formulations containing phospholipids and other PLs significantly increase the non-invasive break-up time of TF in laboratory animals and humans (4, 10, 11, 12, 13, 14, 21) .
So the aim of the work was to apply the Langmuir's monolayer model for studying the molecular interactions of the zwitterionic 
Materials and Methods

Materials
Methionine-enkephalin (Met-enk) and Methionineenkephalin-NH 2 (Met-enk-NH 2 ) was synthesized in the Laboratory of Bioactive Peptides, Institute of Molecular Biology, Bulgarian Academy of Science. DMPC was purchased from Sigma and DMPG was purchased from Avanti Polar Lipids.
Met-enk stock solution (10 mM) was prepared by dissolving the peptide in physiological solution (0, 15 M NaCl). DMPC and DMPG (1 mg/ml) were dissolved in chloroform.
Bovine Meibomian gland secretions (MGS) were extracted from bovine eyelids obtained from the abattoir by gently squeezing the lid borders as it was previously described (18, 19) . The secretions were dissolved in chloroform, centrifuged and evaporated in a rotary concentrator at 25 o C for 15 min. Then samples were weighted, dissolved in chloroform at concentration 1 mg lipid/ml and stored at -80 o C until used. The composition of the samples was checked by thin layer chromatography (data not shown) using hexane/ether/acetic acid (80:20:2, v/v) and revealed presence mainly of wax and sterol esters; phosphorylated PLs were not detected.
Surface characteristics measurements
To determine the surface activity of Met-enk to the lipid monolayers the decrease in surface tension (γ, mN/m) with time (t, sec) was monitored. All measurements were made in multi-well plate (3х5) MicroTrough X (Kibron Inc., Finland). The subphase volume was 500 μl. The apparatus uses the Wilhelmy method with platinum wire probe attached to the microbalance sensor head. The lipid solutions were spread at the surface with a Hamilton microsyringe in order to reach surface concentrations of 150, and 75 Å 2 per lipid molecule over subphase of 0.15 M NaCl at 25 o C. After reaching equilibrium value of the surface tension Met-enkephalins was injected in the subphase to final volume concentration of 1 mM. The surface tension was measured with accuracy of ± 0.01 mN/m. The trough temperature was controlled within ± 0.5 o C. Each measurement was repeated at least three times with each separate sample.
In order to compare the penetration ability of the two forms of Met-enk studied into the formed lipid monolayers, the γ values measured were converted to surface pressure, π (mN/m) values and plotted as ∆π/π 0 , where ∆π=γ monolayer -γ monolayer+Met-enk , or γ monolayer -γ monolayer+Met-enk-NH2 , and π 0 =γ subphase -γ monolayer . The surface pressure values at which the peptides were excluded from the monolayers (π critical ) were determined as π values at which ∆π=0.
For measuring the surface elasticity and reversibility of the tear films at air-liquid interface the Langmuir film balance equipped with a µ Trough XL (surface area 225cm 2 , volume 40 ml) was used to measure surface pressure-area (π, mN/m-A, Å 2 /molecule). The MGS/PL mixtures were dissolved in chloroform and spread over the air-liquid interface with a Hamilton microsyringe over a subphase of 0.15 M NaCl at 28 o C. After 5 min equilibration (to ensure evaporation of the organic solvent), film area compression was started using two symmetrically moving barriers. Two types of measurements were performed: (i) slow quasi-equilibrium compression and (ii) fast dynamic compression-decompression cycling. In quasi-equilibrium compression experiments, the compression rate was 4 Å 2 /chain/min (considering the film compounds as lipids with two acyl chains) to allow the reorientation and relaxation of the lipids in the film. The dynamic compressiondecompression cycling was performed at the maximal possible compression rate at which there was no leakage of the film: 36 Å 2 /chain/min. All isotherms were repeated at least three times. Surface pressure was defined as follows: π=γ subphase -γ monolayer .
The morphology of the films during compression was observed with MicroBAM2 (Nima Techology Ltd., UK).
Results and Discussion
In order to observe the interaction of the zwitterionic DMPC and the negatively charged DMPG, and synthetic Met-enk and its amidated derivate after the formation of the lipid monolayers and the injection of the two types of the enkephalins under the monolayers the change in surface tension with time was determined. The data measured are presented as Δγ, mN/m for DMPC and DMPG monolayers at surface concentrations of 150 and 75 Å 2 /molecule, respectively (Fig. 1) , where Δγ=γ monolayer -γ monolayer+Met-enk , or γ monolayer -γ monolayer+Met-enk-NH2 .
Our data showed that the addition of the enkephalins to the monolayers resulted in significant change in γ of DMPC monolayers at surface concentration of 150 Å 2 per molecule (Δγ determined was 12.6 mN/m). Moreover, the comparison of the interaction of the unmodified and the amidated Met-enk with DMPC monolayers showed that Met-enk-NH 2 changed these values to a higher degree (Δγ was increased to about 21 mN/m). The same effect was observed after the injection of both enkephalins under the monolayer Fig. 1A) . These results revealed that the synthetic neuropeptides, Met-enk and Met-enk-NH 2 , interacted with both monolayers. The significant change in surface tension values was due to the more "diluted" state of DMPC and DMPG monolayers at the larger area per molecule and, therefore the amphiphilic peptides could easily penetrate the monolayers. In case of twice less area per phospholipid molecule, which means more dense monolayers it was seen that the interaction between the enkephalins and the lipids studied was impaired (Fig. 1B) . However, even at these highly packed monolayers again the amidated peptide still reduced the surface tension more significantly, which was more pronounced for DMPG monolayer. A possible explanation of the fact that the amidated enkephalin penetrated the monolayers to a higher degree, as compared to the unmodified peptide is that at the pH 5.77 of the subphase the synthetic Met-enk is near to its isoelectric point 5.69. Therefore, at this pH most of the peptide molecules were in its zwitterionic form, while the addition of an amino group to the C-terminus of the pentapeptide converted the zwitterionic molecule to a cation that is capable to interact electrostatically with the negative phosphate group of the phospholipids. In addition to the γ measurement, in order to compare the penetration ability of the two forms of Met-enk studied into the formed lipid monolayers, the surface pressure values were determined and were plotted as ∆π/π 0 (Fig. 2) . The surface pressure values at which the peptides were excluded from the monolayers (π critical ) were determined as π 0 values at which ∆π=0. It was observed that the modified form of the peptide was excluded from the monolayers of both lipids at higher surface pressure values than that of the unmodified Met-enk. For instance, π critical values for DMPC monolayers were 29 mN/m and 27 mN/m for DMPG for Met-enk and Met-enk-NH2, respectively (data not shown).
In case of the amidated derivate based on π critical values, it was seen that the peptide remained into the monolayers at higher surface pressure values. In addition in the case of the negatively charged phospholipid the difference between the penetration capability of the two enkephalins increased, the π critical values determined were 33 mN/m for the unmodified peptide, and 44 mN/m for the amidated derivate.
Based on our results, we can suggest that at dense lipid monolayers most probably occurs repulsion between the negative charge of the terminal carboxyl-group of Met-enk and the negative charge of the lipid phosphate group. This fact could explain why the unmodified form of the peptide was excluded from both phospholipid monolayers studied at lower surface pressure, in contrast to the amidated derivate. With this regard, the positive charge of the amidated Met-enk facilitated its interaction with the negatively charged DMPG head groups at low lipid surface concentrations. Our findings suggested that the interaction between peptides and phospholipids was due to a combination between electrostatic attractions in case of the Met-enk-NH 2 and hydrophobic interactions between the hydrophobic amino acids of the peptides and the phospholipids acyl chains. It is generally accepted that electrostatic interactions with negatively charged lipids are important for the association of enkephalins with membranes (6, 20) , while sitespecific hydrophobic contacts facilitate its entry, concentration, and orientation into the lipid phase (7, 17) .
The surface pressure/area compression isotherms of human meibum over subphase of saline solution are shown in Fig. 3 . points that the normal human meibum possesses high lateral elasticity, i.e. it should be capable to readily react and reorganize when subjected to area compression/expansion even when the deformation is rapid and non-equilibrium as the one applied by the eyelid during blink at the ocular surface. This suggestion is confirmed by the dynamic isocycling of meibum surface films, as the isocycles revealed very high isothermal reversibility, Rv≈98%. Such high isothermal reversibility reflects rapid reorganization and recovery of the lipid surface film structure during dynamic area changes. The result agrees with the observations done in previous studies (26) , which demonstrate rapid spreading of TFLL that closely follows the upward movement of the eyelid in "healthy" eyes.
The key to the very high lateral elasticity (i.e. low reciprocal compressibility) and high structural reversibility of the meibomian surface films might be provided by the Brewster Angle Microscopy images (Fig. 3 bottom row) . Commonly the majority of the biomembrane lipids form monolayers at the interface. Instead it can be seen that even at low surface pressures (between 0.5 and 10 mN/m) human meibum forms rough continuous multilayer films at the air/water interface that get more uniform when surface pressure increases. Our results agree with the observations of thick meibomian "draperies" frequently monitored in "healthy" eyes, and with the evaluations that in vivo TFLL is about 100 nm (i.e. approximately twenty monomolecular layers) thick (3). As shown on Fig.  4 the multilayer structure might be the key for the meibum films high lateral elasticity and high reversibility Rv. It is reported that multilayer films formed by mixtures of triglycerides and cholesterol esters (i.e. compositions partially similar to meibum) are capable to form highly compressible thick surface aggregates that rapidly restore their structure even when subjected to dynamic area compression/expansion (23) .
This study represents the ability of the Langmuir monolayer technique to study: (i) the interaction between the two types of enkephalins with phospholipid monolayers (measured quantitatively by the change in γ), showing stronger interaction of Met-enk-NH 2 with DMPC and DMPG than Met-enk, (ii) the penetration ability of the synthetic Met-enk and its amidated derivative to the phospholipid monolayers (measured quantitatively by the change in π), showing that Met-enk-NH 2 penetrates the monolayers significantly stronger than Met-enk to charged monolayers with high surface molecular density, and (iii) measurement, in dynamic conditions by monolayer compression/expansion cycling, of surface elasticity and reversibility of the tear films at air-liquid interface.
